Abstract. The preferential use of aerobic glycolysis for energy production by cancer cells, a phenomenon known as the 'Warburg effect', is well recognized and is being considered for therapeutic applications. However, whether inhibition of glycolysis will be effective in all types of cancer is unclear. The current study shows that a glycolytic inhibitor, 2-deoxy-D-glucose (2DG), exhibits the cytotoxic effect on non-small cell lung cancer in a p53-dependent manner. 2DG significantly inhibits ATP production in p53-deficient lung cancer cells (H358) but not in p53-wt cells (A549). In contrast to p53-wt cells, p53-defective cells are unable to compensate for their need of energy via oxidative phosphorylation (OXPHOS) when glycolysis is inhibited. In the presence of p53, increased ROS from OXPHOS increases the expression of p53 target genes known to modulate metabolism, including synthesis of cytochrome c oxidase 2 (SCO2) and TP53-induced glycolysis and apoptosis regulator (TIGAR). Importantly, 2DG selectively induces the expression of the antioxidant enzymes manganese superoxide dismutase (MnSOD) and glutathione peroxidase 1 (GPx1) in a p53-dependent manner. The results demonstrate that the killing of cancer cells by the inhibitor of glycolysis is more efficient in cancer cells without functional p53 and that p53 protects against metabolic stress by up-regulation of oxidative phosphorylation and modulation of antioxidants.
Introduction
Constitutively switching the main route of energy production from oxidative phosphorylation to aerobic glycolysis is a prominent hallmark of cancer cells (1, 2) . A high glycolytic rate provides special advantages for proliferating cells. While aerobic glycolysis is an inefficient way to generate energy (ATP), glycolysis yields ATP at a faster rate compared to oxidative phosphorylation to support the uncontrolled cell growth (3) . The intermediates from the glycolytic pathway supply building blocks for biosynthesis of macromolecules, including NADPH, citrate and glycerol for lipids, and ribose sugars for nucleotides. In addition, excessive lactic acids from glycolysis favor tumor invasion and can be used by other cells (4, 5) .
Recent findings suggest that tumor suppressor p53 plays a role in energy metabolism by regulating metabolic processes (6) . p53 serves as an energy inspector sensing the decrease of ATP levels and stimulating oxidative phosphorylation through upregulation of the synthesis of the cytochrome c oxidase 2 (SCO2) gene that encodes a copper chaperone protein required for the assembly of mitochondrial cytochrome c oxidase (complex IV) (7, 8) , as well as transcriptional activation of subunit I of cytochrome c oxidase (9) . Furthermore, p53 activates TP53-induced glycolysis and the apoptosis regulator (TIGAR), which functions to direct glucose to the pentose phosphate pathway (PPP), as well as glucose-6-phosphate dehydrogenase (G6PD), a glycolytic enzyme that catalyzes a rate-limiting step in the PPP (10, 11) . The increase in PPP results in the stimulation of nucleotide synthesis and production of NADPH, which is an important component of the antioxidant defense system (12) . In addition to the role of p53 in the regulation of mitochondrial respiration, p53 inhibits glycolysis by repressing the transcription of GLUT1, GLUT4 genes that encode glucose transporters (13) and the phosphoglycerate mutase (PGM) gene that encodes a glycolytic enzyme responsible for the rearrangement of phosphoglycerate (14) . Therefore, the inhibition of glycolysis and the induction of PPP and oxidative phosphorylation may mediate the tumor suppressive effect of p53.
2-Deoxy-D-glucose (2DG), a non-metabolizable glucose competitor, has been demonstrated to exert selective cytotoxic effects in a number of cancer cell lines but not in normal cells (15) (16) (17) (18) . Growth inhibition and apoptosis induction are among the mechanisms of 2DG-induced cytotoxicity (19, 20) . Our previous work revealed that 2DG differentially kills non-small lung cancer cells with defective p53 status (21) . However, the mechanisms by which p53 mediates the resistance of cancer cells to 2DG-induced cytotoxicity is unknown. In this study, we show that p53 protects against 2DG-induced metabolic stress by enhancing oxidative metabolisms and inducing primary antioxidant enzymes. The results suggest that inhibition of glycolysis may be effective for advanced cancer with defective p53 status.
Materials and methods
Cell culture conditions and treatments. Human non-small cell lung cancer cell lines, A549 and H358, were purchased from American Type Culture Collection (ATCC) and were cultured as previously described (21) . All cells were free of mycoplasma contamination according to the test results performed monthly. 2-Deoxy-D-glucose (Sigma, MO, USA) was dissolved in 1X PBS, pH 7.4 and diluted in culture medium to the concentration specified for an experiment.
Glucose measurement. Cells were treated with 20 mM 2DG for 3, 6, 12, 24, and 48 h, after which the cultured medium was collected for glucose concentration measurement following the manufacturer's instructions (Human Gesellschaft fur biochemica und Diagnostica mbH, Wiesbaden, Germany).
ATP determination. Cells were treated as described above for glucose measurement. Cells were washed twice with ice-cold 1X PBS pH 7.4, collected and resuspended in PBS. Cells were homogenized for 30 sec on ice. ATP level was measured in total cell homogenate using the ATP determination kit (Invitrogen, CA, USA).
Lactate determination. The A549 and H358 homogenates, prepared as described for assessment of ATP, were used to estimate the lactate level using the Lactate assay kit developed by Biomedical Research Service Center (NY, USA).
Mitochondrial respiratory complex I and complex II activities assay. Complex I and complex II specific activities were measured as previously described (22) . Complex I specific activity was measured by following the decrease in absorbance due to the oxidation of NADH at 340 nm (Â 6.81 mM -1 cm -1 ). The activity was calculated by the differences in dA/min with and without the complex I inhibitor, rotenone. Complex II activity was measured by following the reduction of 2,6-dichlorophenolindophenol at 600 nm (Â 19.1 mM -1 cm -1 ) and calculated by the differences in dA/min with and without ubiquinone.
Mitochondrial respiratory complex IV activity assay. Cells were washed twice with ice-cold PBS, collected and centrifuged. The pellets were used to determine complex IV activity according to the manufacturer's instructions (Invitrogen). The activity was determined colorimetrically by following the oxidation of reduced cytochrome c. The amount of the enzyme is measured by using a complex IVspecific antibody conjugated with alkaline phosphatase. The specific activities of complex IV were calculated as the ratio of mitochondrial complex IV activity/amount.
Intracellular reactive oxygen species (ROS) measurement.
ROS measurement was performed using the oxidation-sensitive (5-[and -6]-carboxy-2,7-dichlorodihydrofluorescein diacetate; carboxy-H 2 DCFDA) and oxidized carboxy-DCFDA fluorescent dye (Invitrogen). Following treatment, cells were washed with PBS and resuspended in PBS containing 1 mM CaCl 2 , 1 mM MgCl 2 , pH 7.4 (PBS/MgCl 2 /CaCl 2 ). Cells were incubated with 20 μM of carboxy-H 2 DCFDA or carboxy-DCFDA at 37˚C for 30 min in the dark; cells were then washed and covered with PBS/MgCl 2 /CaCl 2 , and the fluorescent intensity was measured using the Gemini XPS fluorescence microplate reader (Molecular Device, CA, USA), at excitation 485 nm and emission 528 nm. The fluorescent intensity in cells preloaded with carboxy-H 2 DCFDA was normalized to that in cells preloaded with carboxy-DCFDA (ratio of H 2 DCFDA/DCFDA) to control for the cell number, dye uptake, and ester cleavage differences between different treatment groups.
Mitochondrial superoxide measurement. The mitochondrial superoxides were measured using MitoSOX™ Red mitochondrial superoxide indicator (Invitrogen) according to the manufacturer's protocol. The fluorescences obtained from oxidation of MitoSOX reagents by superoxide were normalized to the number of cells.
mRNA isolation and real-time RT-PCR.
Cells were collected and processed to obtain mRNA using the MagNA Pure Compact RNA Isolation Kit (Roche, IN, USA). Then, mRNA was used in the reverse transcription reaction Superscript™ III First-Strand synthesis system (Invitrogen). cDNA was used as the template for real-time RT-PCR with a set of human specific primers SCO2-forward, 5'-gcagcaaaagcgaacagaa-3'; reverse, 5'-gtgatccagcaggtggaagt-3', TIGAR-forward, 5'-attca gacagcggtattccag-3'; reverse, 5'-aagcaccgtgactcacaactaa-3'. Human 18s RNA was used as the housekeeping control and amplified with the following primers: forward, 5'-cgattggatgg tttagtgagg-3'; reverse, 5'-agttcgaccgtcttctcagc-3'. Taq DNA polymerase was used to amplify the PCR product with 55 cycles at 95˚C for 15 sec, at 60˚C for 30 sec, and at 45˚C for 30 sec.
Western blot analysis. Western blot analysis was performed as previously described (21) using corresponding antibodies against p53 (Santa Cruz, CA, USA), ß-actin (Sigma), MnSOD (Upstate, MA, USA), or GPx1 (Abcam, MA, USA). Representative blots and quantification from three independent experiments are shown.
Statistical analysis.
Quantitative results are expressed as mean ± SEM. Statistical analysis was performed using Oneway ANOVA for multiple-group comparison.
Results

2DG reduces ATP production of p53-defective cells but not p53-wt cells.
Previously, we showed the differential cytotoxicity of the glycolytic inhibitor, 2DG, on non-small cell lung cancer (NSCLC) cells (21) . p53-defective lung cancer cells, H358, are more sensitive to 2DG than p53-wt A549 cells, as demonstrated by clonogenic survival assay. In this study, we extend the initial observation to investigate how 2DG differentially kills cancer cells expressing different p53 status. First, we evaluated the effect of p53 on the glycolytic inhibitory effect of 2DG by measuring the levels of glucose in cultured medium after 20 mM 2DG treatment. The presence of 2DG reduced the glucose uptake in A549 cells by 48 h. Interestingly, glucose consumption of H358 cells was significantly decreased as early as 6 h of 2DG treatment, indicating higher glucose utilization in H358 cells (Fig. 1A) . These data are consistent with the regulatory role of p53 on glucose metabolism. To confirm the effect of 2DG on glucose consumption, we further determined the production of cellular energy, ATP, after 2DG treatment. Compared to the untreated control, 2DG significantly decreased the ATP levels of H358 cells as early as 3 h of treatment and reductions were maintained throughout the entire experimental period (Fig. 1B) . The levels of ATP in 2DG-treated A549 cells, however, did not show any significant decrease and were comparable to levels of control cells at 48 h after treatment. These data indicate that p53 deficiency results in an increase of glycolysis with consequent higher sensitivity to 2DG.
p53-defective cells are unable to adapt to 2DG-induced metabolic stress. As cellular ATP level is maintained through either glycolysis or OXPHOS, it is possible that 2DG may interfere with ATP production through glycolysis and/or OXPHOS. To address this question, we measured the concentration of lactate, the metabolite of the glycolytic pathway, and the activities of mitochondrial respiratory complexes following 20 mM of 2DG treatment. Fig. 2A shows that 48 h of 2DG exposure decreased the lactate levels of A549 and H358 cells dose dependently compared to the untreated controls. The activities of mitochondrial complex I in both A549 (24, 48 h) and H358 cells (48 h) were significantly increased compared to the untreated control group (Fig. 2B) . 2DG significantly increased complex II activities of A549 (3, 6 h) and H358 cells (48 h) (Fig. 2C) . These results suggest that p53 does not regulate the activities of mitochondrial respiratory complexes I and II in response to glycolytic inhibition by 2DG. In contrast, complex IV activity in A549 cells significantly increased at 48 h of 2DG treatment (Fig. 2D) , whereas H358 cells did not show any change in complex IV activity, suggesting a lack of adaptive response via complex IV in p53-deficient cells.
2DG causes oxidative stress in lung cancer cells.
Because mitochondria are major sites of ROS generation (23), it is possible that an increase in mitochondrial activity may facilitate the flow of electrons down the respiratory chain leading to increased ROS production. During the respiration process, electrons reduce molecular oxygen to produce superoxide radicals and can escape from the electron transport chain (23) . Thus, we used the levels of mitochondrial superoxide (O 2
•-) and intracellular reactive oxygen species (ROS) as indicators of the increase in mitochondrial respiratory activity and oxidative stress. A significant increase in mitochondrial O 2
•-levels of A549 and H358 cells was observed in 2DG-treated groups at 48 h (Fig. 3A) . In addition, 2DG increased ROS levels significantly, 2-to 4-fold, in both cell lines at 24 and 48 h of treatment compared to the untreated group (Fig. 3B) . These results are consistent with an increase of OXPHOS in both A549 and H358 cells.
p53 regulates oxidative stress responses to 2DG-induced oxidative stress. Oxidative stress is an imbalance between pro-oxidants and antioxidants. We therefore measured the levels of p53 targets, antioxidant enzymes in mitochondria, manganese superoxide dismutase (MnSOD) and glutathione peroxidase 1 (GPx1). The protein level of MnSOD, a mito- chondrial localized antioxidant enzyme, was significantly increased in A549 cells as early as 3 h and 12 h after 2DG treatment (Fig. 4) . The protein level of GPx1 significantly increased at 48 h. Interestingly, the protein levels of GPx1 and MnSOD were not significantly changed in H358 cells. These data show that p53 plays an important role in maintaining the levels of cellular antioxidant enzymes MnSOD and GPx1, which are important defenses against oxidative stress in mitochondria.
2DG-mediated oxidative stress induces activation of p53.
Because p53 is an oxidative stress-responsive, tumorsuppressor protein, we determined the protein level of p53 after 2DG treatment. 2DG significantly increased the level of p53 protein at 48 h (Fig. 5A) . The increase in p53 activity was verified by the mRNA level of p53 target genes using quantitative RT-PCR. The mRNA levels of the synthesis of cytochrome c oxidase 2 (SCO2) were significantly increased at 6 and 12 h, and the mRNA levels of TP53-induced glycolysis and the apoptosis regulator (TIGAR) increased significantly at 3 and 6 h after 2DG treatment (Fig. 5B) . Thus, p53 may regulate metabolic response to 2DG by upregulating its target genes.
Discussion
It has been demonstrated that 2DG inhibits glycolysis and energy production in several types of cancer cells (24) . We previously showed that p53 plays an important role in 2DG-induced cytotoxicity because the presence of p53 reduces the cytotoxic effect of 2DG (21) . In the present study, we reveal the mechanisms by which p53 mediates a protective effect against glycolytic inhibition. Our data show that 2DG significantly decreases glucose consumption in both A549 and H358 cells (Fig. 1A) . However, the glycolysis inhibitory effect of 2DG was more pronounced in H358 cells, supporting the role of p53 in glycolytic regulation (25) . Notably, the ATP levels in p53-wt cells (A549) were unaltered by 2DG in contrast to the significant decrease in p53-deficient cells (H358) (Fig. 1B) , which is consistent with our previous work demonstrating the higher susceptibility of p53-deficient cells to 2DG (21) . 2DG decreases the levels of lactate, a glycolytic metabolite in both A549 and H358 cells ( Fig. 2A) . Cells containing wild-type p53 successfully compensated for 2DG-inhibited glycolysis through enhanced oxidative phosphorylation as evidenced by unchanged ATP levels and induction of mitochondrial respiratory complexes. In contrast, p53-defective cells exhibited a failure to maintain ATP levels due to defective mitochondrial cytochrome c oxidase (complex IV) function (Figs. 1B and 2B-D). Our data support the concept that p53-defective cells are more glycolytic-dependent than p53 wild-type cells are (26, 27) and are consistent with the finding that the cytotoxic effect of 2DG is greater in cancer cells exhibiting hypoxic or mitochondrial respiratory defects (28) (29) (30) . Mitochondrial respiration is the main source of reactive oxygen species (ROS), especially superoxide, in cells (23) . It is estimated that 1-2% of total molecular oxygen utilized by mammalian mitochondria is converted into superoxide anion (31) . Our data show that 2DG-modulated mitochondrial complex activities generate more mitochondrial superoxide and intracellular ROS levels (Fig. 3) . In A549 cells, the induction of activities of mitochondrial complex I and complex IV (24, 48 h) was accompanied by increased mitochondrial superoxide (48 h) and intracellular ROS (24, 48 h), suggesting that the generation of mitochondrial ROS is due mainly to an increase in complex I activity. In H358 cells, the increase in mitochondrial ROS at 48 h was accompanied by an increase in complexes I and II activities. Our findings reveal that 2DG induced mitochondrial oxidative stress in A549 and H358 cells through the induction of OXPHOS, consistent with the induction of oxidative stress in other cancer cells types including cervix, colon, head and neck, and breast (32) (33) (34) .
Interestingly, we discovered that the mitochondrial oxidative stress in H358 cells not only results from mitochondrial complex activities that induce pro-oxidants, but also from a lack of adaptive response in the antioxidant system, as significant induction of MnSOD and GPx1 was observed in A549 cells but not in H358 cells (Fig. 4) . The expression of MnSOD and GPx1 has been shown to be transcriptionally upregulated by p53 (35) . Thus, it is possible that the induction of antioxidants protects against 2DG-induced oxidative stress in p53-positive, A549 cells, and the observed enhanced sensitivity of H358 cells may result from the lack of increased protection against oxidative stress caused by 2DG.
2DG consistently and significantly induces the level of stress-responsive tumor suppressor p53 protein in A549 cells, which is accompanied by increases in the activities of mitochondrial respiratory complexes and ROS levels, suggesting that elevation of p53 is mediated by mitochondrial ROS (Fig. 5A) . Induction of mRNA levels of the p53 targets, SCO2 and TIGAR, was observed, confirming the transcriptional function of p53 under metabolic stress conditions induced by 2DG in A549 cells (Fig. 5B ). SCO2 encodes a copper chaperone protein required for the assembly of mitochondrial cytochrome c oxidase complex IV (8) . Thus, p53 induction of mRNA expression of SCO2 may enhance OXPHOS, which results in maintenance of energy (ATP) and survival of A549 cells. This possibility is supported by a recent study demonstrating that SCO2 -/-human colon cancer cells exhibit defective oxygen consumption and higher sensitivity to 2DG than SCO2 +/+ cells do (36) . Together, our data suggest that p53 confers resistance to the glycolytic inhibitor 2DG through: i) compensation of glycolytic inhibition by the induction of OXPHOS, ii) activation of p53 on metabolic targets, and iii) induction of antioxidant response. Our findings show that 2DG inhibition of glycolysis is effective in cancer with defective p53, which accounts for more than 50% of all types of cancer (37) . This information is important for the development of a novel therapeutic strategy designed to alter metabolic activity for selectively killing cancer cells.
